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Abstract
Gold nanoparticles (AuNP) are being investigated for diagnostic and therapeutic nanomedicines considering their low toxicity 

and stability against oxidation, among other features. AuNP may be administered site-specifically or intravenously for diagnostic 
imaging by computed tomography or for therapy. Albumin functionalization of AuNP whether linked by chemical or physical proces-
ses may provide unique features to the system regarding biopharmaceutical aspects. Recently albumin crosslinking has been studied 
by radiation induced methods. This work aimed the development of radiation crosslinked bovine serum albumin (BSA) capped AuNP 
for improved administration of the nanoparticles. For such purpose AuNP were synthesized using 2.5 mM sodium tetrachloroaurate 
(III) dehydrate and 1.67 mM resveratrol in water. The mixture was allowed to stand for 12 hours. AuNP capping was performed by 
BSA addition followed by slow addition of ice-cold ethanol to reach 5 mg mL-1 BSA in a 30% (v/v) ethanol solution. The mixture was 
allowed to rest overnight at ± 4 oC. BSA crosslinking onto AuNP was performed by gamma irradiation at doses of 2.5, 5, 7.5, 10 and 
15 kGy. AuNP were synthesized with approximately 38 nm, whereas BSA Capped AuNP presented size ranging from 70 nm up to 
200 nm, as revealed by dynamic light scattering. AuNP and BSA capped AuNP morphology was evaluated by transmission electron 
microscopy using negative staining and revealed protein aggregation onto AuNPs and its surroundings. Irradiation led to no shifts in 
maximum absorbance for both nanoparticles. Protein crosslinking was confirmed by bityrosine and increased with dose. 
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Introduction

Generally, nanoparticles are prepared by a variety of chemical 
and physical methods which are quite expensive and potentially 
hazardous to the environment which involve use of toxic and pe-
rilous chemicals that are responsible for various biological risks. 
The development of biologically-inspired experimental processes 
for the syntheses of nanoparticles is evolving into an important 
branch of nanotechnology.

An ecofriendly route of nanoparticle synthesis does not employ 
toxic chemicals, phytochemicals’ use in diverse chemical transfor-
mation is well-known and the production of nanoparticles under 
nontoxic green conditions is important for medical and technolo-
gical applications [1-3].

Gold nanoparticles (AuNP) are being investigated for diagnostic 
and therapeutic nanomedicines considering their low toxicity and 
stability against oxidation, among other features. AuNP may be ad-
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ministered site-specifically or intravenously for diagnostic imaging 
by computed tomography or for therapy [4,5]. 

Resveratrol is known as a natural dietary phytochemical that 
has a preventive effect against breast cancer. Due to properties as 
antioxidant, anti-inflammatory, and antisenescence, and its poten-
tial as an anticancer drug is currently being evaluated in clinical 
trials for various types of cancers. Sanna., et al. noticed that the na-
noformulation of phytochemicals shows enhanced cellular uptake, 
bioavailability, and anticancer activity as compared to phytochemi-
cals [6-8].

Tipe., et al. [9] related the potential of resveratrol as reducing 
agents for the synthesis of gold nanoparticles, as well as on the-
ir putative effectiveness when attached on the gold nanoparticles 
surface. Tipe., et al. provided compelling evidence that the incre-
ased corona of resveratrol on AuNPs enhances the bioavailability of 
resveratrol so that therapeutically active species can be optimally 
available in vivo for applications in cancer therapy. 

Albumin functionalization of AuNP, whether linked by che-
mical or physical processes, may provide unique features to the 
system regarding biopharmaceutical aspects [10]. Bolaños., et al. 
[11] compiled articles that demonstrate the synergy between se-
rum albumin and gold nanoparticles. Capping AuNPs with albumin 
increase their colloidal stability and reduce their interaction with 
plasma proteins, besides albumin to favor the selective delivery of 
AuNPs. The system demonstrates significant potential in terms of 
spatial and temporally controlled release, in addition to its appli-
cations in theranostics, using simple detection techniques. Coating 
AuNPs with SA decreases the interaction of the nanosytem with 
endogenous proteins in the body, protecting the cargo against de-
gradation.

There are many strategies for AuNP conjugation with albumin, 
resulting structures can be observed as AuNPs with a protein “halo” 
or take the form of nanocapsules in which AuNPs are confined in a 
cavity surrounded by albumin [11]. Initially albumin serum atta-
ching to AuNPs through physical adsorption.

Serum albumin crosslinking has been studied by radiation indu-
ced methods [12,13]. Queiroz., et al. [12] demonstrated the synthe-
sis of BSA nanoparticles using γ-irradiation at the dose of 10 kGy 
in the presence of a cosolvent allowed the formation of the nano-
particles without the use of any chemical. The BSA crosslinked was 

revealed by the bityrosine formation monitored by fluorescence 
spectroscopy.

This work aimed the development of radiation crosslinked bo-
vine serum albumin (BSA) capped AuNP for improved administra-
tion of the nanoparticles. 

Experimental

Materials

Sodium tetrachloroaurate (III) dehydrate and Bovine Serum 
Albumin (BSA, Heat shock fraction, ≥98% purity) were purcha-
sed from Sigma-Aldrich® (USA). Resveratrol (≥98% purity) was 
acquired from Sunrise Chemical Co. (China). Ethanol, anhydrous 
di- and monobasic phosphate were acquired from Synth® (Brazil). 
All reagents were of analytical grade. Milli-Q ultrapure water was 
used for all experiments.

Methods

Synthesis of gold nanoparticles and BSA capped AuNP

Resveratrol assisted AuNP synthesis

Gold nanoparticles were synthesized using 2.5 mM sodium te-
trachloroaurate (III) dehydrate and 1.67 mM Resveratrol in water. 
Resveratrol solution was homogenized for 20 minute prior to gold 
addition. The mixture was allowed to react in a sealed volumetric 
flask at 22 oC for 12 hours under magnetic stirring.

BSA capping

BSA was added to the AuNP solution on ice bath to reach 5 mg 
mL-1 BSA. The glass vials were hermetically sealed and the mixture 
was allowed to rest overnight at 4oC ± 2.

BSA crosslinking onto AuNP

BSA capped AuNP was exposed to γ-irradiation using 60Co as 
radioactive source in Gammacell 220 irradiator (Atomic Energy of 
Canada Limited, Canada) at 0 ± 1oC at the doses of 2.5, 5, 7.5, 10 and 
15 kGy and dose rate of 1.03 kGyh-1, as determined Harwell Type by 
alanine dosimetry [14]. The samples were stored at refrigerated 4 
± 2oC prior to analysis. 

Nanoparticle characterization

Nanoparticle size 

Nanoparticle size was determined by Dynamic Light Scattering 
on a ZS 90 (Malvern, USA) device at scattering angle of 173º degre-
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es. Results were reported by an average hydrodynamic diameter 
obtained by number using 3 sets of 3 runs of 120 seconds.

Surface plasmon ressonance

Samples were evaluated in spectrophotometer in the visible 
range, in order to asses particle properties.

Particle morphology

Protein Nanoparticle size and dimensions were determined by 
Transmission Electron Microscopy (NS-TEM) in a 120 kV JEM 1400 
Plus electron microscope (Jeol, Japan) on ultrathin carbon film 
400-mesh Cu grids (Ted Pella. Inc, USA) The samples (10 ul) were 
then transferred to the grids for 1 minute and specimen prepara-
tion was performed at room temperature.

Protein crosslinking

Bityrosine emission was scanned at λEm=350-600nm using an 
excitation of λEm=325nm at a scan speed of 240nm/min on a Spec-
tramax i3 (Molecular Devices, USA) and the values were normali-
zed by taken native BSA spectrum as reference [12,15].

Results and Discussion

Resveratrol-mediated Synthesis of AuNP 

The use of resveratrol led to the formation of gold nanopartic-
les (AuNPs) of around 38.8 ± 11.7 nm (hydrodynamic diameter) as 
determined by dynamic light scattering (DLS), with a surface pla-
smon resonance (SPR) peak at 530 nm for the undiluted sample at 
25 oC. The AuNPs produced were of spherical shape, and the SRP 
changing upon dilution as standard AuNPs, as revealed in figure 
1. These results corroborate literature concerning the resveratrol-
-mediated synthesis of AuNP. Mohanty., et al. [16] synthesized gold 
nanoparticle using resveratrol of spherical shape with 35 nm, sur-
face plasmon resonance band at 537 nm and zeta potential of -21,2 
mV. Sana., et al. [8] reported the green synthesis of gold nanopar-
ticles using resveratrol show surface plasmon resonance band 540 
nm and diameter of 14.55 ± 2,20 as estimated by TEM.

If compared to conventional routes such as the use of sodium 
citrate [17], the use of resveratrol leads to a different particle mor-
phology, especially in terms of hydrodynamic size, considering that 
along with the reduction, resveratrol molecules are expected to 
cover gold nanoparticle surface, with among other features, con-

Figure 1: Gold nanoparticles produced via green synthesis 
using resveratrol. (a) Visual aspect of the samples before and 
after synthesis; (b) Surface plasmon resonance peak at 25 oC; 

(c) Transmission electron microscopy images of the 
nanoparticles produced. 

fer surface functionalization and stabilization of the nanoparticle 
[8,15]. 

Mohanty [16] described that the mechanism of formation of 
resveratrol assisted gold nanoparticle relies on the reduction of 
Au3+ to Au0 by the antioxidant activity of resveratrol, which hypo-
thesized to be similar to the reduction of Fe3+ to Fe2+ by other poly-
phenols with similar antioxidant activity [18].

BSA capping onto AuNP

The addition of BSA onto gold nanoparticles synthesized lead 
to an increase in the nanoparticle hydrodynamic size, with dimen-
sions of 72.8 ± 32.9 nm as determined by DLS. Also, SPR suffered 
a blue shift of 4 nm, corresponding to 534 nm, whereas undiluted 
AuNP presented 530 nm (Figure 2). This result provides an expe-
rimental evidence that BSA has been attached to the gold nano-
particle. A similar shift was observed in different works reporting 
binding of BSA onto gold nanoparticles by different methodologies 
[19].
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Figure 2: BSA capped AuNP produced via green synthesis using resveratrol. (a) Visual aspect and (b) Surface plasmon 
resonance peak at 25 oC of the samples before and after 

capping; (c) Transmission electron microscopy images of the BSA capped nanoparticles.

As there are no chemical ligands been added to the system, 
the spontaneous binding is more likely to occur via physical ad-
sorption, as observed in the literature [20]. It is relevant to highli-
ght that the change in the SPR without a notable change in the sha-
pe of the UV-Vis spectra reveals the maintenance of the properties 
of the pristine AuNP. 	

Corroborating the SPR and the DLS results, the micrographs (Fi-
gure 2C and D) confirmed the albumin capping, identified on the 
surface surrounding the AuNPs end evidenced that the gold core 
remained preserved after capping. 

The effect of gamma irradiation over AuNP and BSA capped 
AuNP

Irradiation has been applied to biomaterials over decades 
whether to promote crosslinking of the system or as a technique 
to sterilize and assure safety usage of biomedical devices. The ef-
fects of the exposition to irradiation, on the other hand, may lead to 
changes in nanoparticle characteristics. 

The effects of irradiation over the visible spectra of the produ-
ced nanoparticles corresponded to a slightly red or blue-shift as a 
function of irradiation dose figure 3. In terms of Particle size, the 
effect of irradiation dose over AuNP (Figure 3 A). In presence of 
BSA particle size shifted as a function of dose (figure 3 B).
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Figure 3: Visible spectra of AuNPS as function of radiation 
dose.

In terms of hydrodynamic radius, the effects of irradiation lead 
to a random profile, where particle size increase was registered at 
2.5 kGy and 7.5 kGy, whereas at 5 and 10 kGy, gold nanoparticles 
tended to a decrease in the hydrodynamic radius. Although such 
effects vary upon irradiation dose, the selection of the exact dose 
for sterilization of the produced systems depends on the microbial 
load of the sample prior to irradiation. Asnag., et al. [21] studies 
blend (PEO/starch) films doped with different concentration of 
gold nanoparticles demonstrated that gamma irradiation causes 
the structural variations in polymer blend chains on the embed-
ding of AuNPs.

BSA crosslinking onto AuNP

As an attempt to understand the damage upon radiation expo-
sition, we have evaluated the formation of bityrosine, a by-product 
resultant from the exposition of proteins to ionizing radiation, often 
present and a marker or intra- or intermolecular crosslinking. 

Protein crosslinking levels of the BSA layer around the gold na-
noparticles were assessed by means of bityrosine formation. The 
use of fluorescence measurement for the quantification of bityro-
sine is adequate based on the high fluorometric quantum yield of 
bityrosines associated to the high specificity of the fluorescence 
technique [22]. In terms of protein crosslinking induced by irra-
diation, fluorescence methods have been successfully applied for 
bityrosine monitoring in BSA [12,15] and papain nanoparticles. 

Figure 4: Fluorescence evaluation of the bityrosine linkages 
formed as a function of radiation dose (2.5 -10 kGy) in BSA 

capped AuNPs. 

If compared to BSA crosslinked nanoparticles, the bytirosine 
formation is less intense [12,15], probably due to a distinct rear-
rangement of the BSA molecules as a result of the interaction with 
gold nanoparticles. These results suggest that the albumin layer 
formed surrounding the AuNP is crosslinked. 

Conclusions

The method allowed the formation of AuNPs of spherical sha-
pe via green synthesis using resveratrol as a phytochemical. Apart 
from the lack of toxic compounds for the synthesis, the particles 
presented adequate size, size distribution and reproducibility as 
revealed by the assays performed. 
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The BSA capping onto AuNPs was successfully achieved and 
experimentally demonstrated by the blue shift in the surface pla-
smon resonance peak without any the change in terms of the shape 
of the UV-vis spectra. Particle size increase of around 30 nm as a 
function of the BSA capping, as revealed by DLS, and the transmis-
sion electron microscopies provided a visual evidence of the cap-
ping onto the gold surface and its surroundings. 

The effect of radiation dose in the given range of 2.5-10 kGy 
over AuNPS lead to destabilization and intense size changes as a 
function of dose, also linked to some induced agglomerations as 
revealed by the changes in the UV-Vis spectra. Upon BSA capping, 
such changes are negligible as a function of dose and which re-
inforces the beneficial effects of the capping in contrast to naked 
AuNPs, especially concerning the exposition to radiation, in which 
the gold core is preserved. This is particularly relevant especially 
if the particles are meant to be used for biological or biomedical 
applications in which the nanoparticle may be exposed to unusual 
environments and extreme conditions and must tolerate them. 

Upon exposition to radiation, the formation of bityrosine was 
confirmed and identified to increase as radiation dose increased. 
Corroborating this information, the particle size increase (esta-
blished around xx nm), also dose-dependent, evidenced the for-
mation of a crosslinked BSA capping. However, the nature of such 
crosslinks and whether the signal comes from the BSA molecules 
in the capping or results from the isolated BSA present in the so-
lution remain as a topic to be explored. At last, although our re-
sults evidenced a very effective capping onto gold nanoparticles, 
our revealed that some optimized conditions for synthesis, such as 
a reduction of albumin concentration and a possible purification 
step are further required for a direct application and optimization 
of the system.
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